Transposable elements (TEs) make up around 10%-15% of the Drosophila melanogaster genome, but its sibling species Drosophila simulans carries only one third as many such repeat sequences. We do not, however, have an overall view of copy numbers of the various classes of TEs (long terminal repeat [LTR] retrotransposons, non-LTR retrotransposons, and transposons) in genomes of natural populations of both species. We analyzed 34 elements in individuals from various natural populations of these species. We show that D. melanogaster has higher average chromosomal insertion site numbers per genome than D. simulans for all TEs except five. The LTR retrotransposons gypsy, ZAM, and 1731 and the transposon bari-1 present similar low copy numbers in both species. The transposon hobo has a large number of insertion sites, with significantly more sites in D. simulans. High variation between populations in number of insertion sites of some elements of D. simulans suggests that these elements can invade the genome of the entire species starting from a local population. We propose that TEs in the D. simulans genome are being awakened and amplified as they had been a long time ago in D. melanogaster.
Introduction
Because of their capacity to promote mutations, transposable elements (TEs) are a serious threat to the genome. The way their copy numbers are regulated and contained is thus of major importance for genome integrity. One way of approaching this problem is a comparison between species differing in their overall amounts of repetitive sequences, as do the two sister species Drosophila melanogaster and Drosophila simulans. Indeed, D. melanogaster carries approximately three times as much middle repetitive DNA as D. simulans (Dowsett and Young 1982; Vieira and Biémont 1996a) . It is thus suggested that TEs in D. simulans have a lower transposition rate, that the genome of D. simulans is less permissive than the genome of D. melanogaster to TE amplification, that a stronger selection acts against TE multiplication, and that D. simulans has a higher effective species population size than D. melanogaster (Aquadro, Lado, and Noon 1988; Aquadro 1992) . The absence of evidence for a low rate of transposition in D. simulans (Eeken, De Jong, and Green 1987; Inoue and Yamamoto 1987; Vieira and Biémont 1997) favors the idea of particular cellular or physiological capacities of D. simulans in restraining copy number. If effective population size is involved in the smaller amount of TEs in D. simulans, then we expect some TEs to be affected in a similar way, at least those which are old components of the Drosophila genome and which present significant insertion site numbers on chromosomal arms. We do not, however, have a global view of copy numbers of many TEs in natural popula NOTE.-The insertion site numbers for the two species were compared by a Mann-Whitney U-test done on distributions represented in figure 1. ***, P Ͻ 0.001; NS, P Ͼ 0.05. a Range value data from the literature.
added the data for P and mariner from the literature. Most elements are from D. melanogaster, except gandalf (from Drosophila koepferae), osvaldo (from Drosophila buzzatii), bilbo (from Drosophila subobscura), and helena and telemac (from D. virilis). Information concerning all of these elements can be obtained through Flybase.
In Situ Hybridization Polytene chromosomes from salivary glands of third-instar female larvae were prepared and treated with nick-translated, biotinylated DNA probes as previously described (Biémont 1994) . Insertion sites were visualized as brown bands resulting from a dye-coupled reaction with peroxidase substrate and diaminobenzidine. The insertion site numbers of the TEs were determined on all long chromosome arms (X, 2L, 2R, 3L, 3R) and were summed to give the total number of labeled sites per diploid genome. We did not take into account the insertions localized in pericentromeric regions 20, 40, 41, 80, and 81, because TE site number estimations in these regions are difficult and not reliable for all chromosomes or all squashes. For each element, the slides from the two species D. melanogaster and D. simulans were hybridized simultaneously so as to eliminate any problem associated with labeling intensity. To take into account TE insertion polymorphism, one female larva from each of two isofemale lines per population or two female larvae from each mass-mated stock were analyzed for TE copy number. Since the in situ technique does not allow us to distinguish homozygous from heterozygous sites, any increase in homozygosity level in the populations sampled due to inbreeding during laboratory culture may lead to an underestimation of total insertion sites in the diploid genomes. It has previously been shown, however, that such a protocol gives reliable data Biémont 1996a, 1996b) . The bias in TE insertion site number estimates should not affect the comparison between D. melanogaster and D. simulans, because the populations of these two species were maintained in the laboratory under the same conditions.
Results

Higher TE Insertion Site Number in D. melanogaster than in D. simulans
All TEs tested existed in both D. melanogaster and D. simulans, suggesting that they are old components of these species and were probably present before radiation. Table 1 reports average insertion site numbers on polytene chromosomes of the 34 TEs in 10 natural populations of D. melanogaster and 13 populations of D. simulans. Drosophila melanogaster appears to have higher insertion site numbers (mean insertion site number for TEs present in at least one species: 16.7) than D. simulans (mean insertion site number: 6.7) for all elements, excepting the two retroviruses (gypsy and ZAM), the LTR retrotransposon 1731, and the tranposons hobo and bari-1. Gypsy, ZAM, 1731, and bari-1 are equally represented in both species, while hobo has more insertion sites in D. simulans than in D. melanogaster. Among the LTR and non-LTR retrotransposons, the retrotransposon roo/B104 has the highest average site number in both species, but the transposon hobo has the highest site number of all TEs in D. simulans. Elements such as springer, P, and pogo are not represented on the chromosome arms in the D. simulans genome, and mariner is absent from D. melanogaster. The elements copia and idefix in D. simulans present three and one fixed sites, respectively; 17.6 is present at one pericentromeric insertion site at the base of the 2L chromosome arm; springer is absent from the chromosome arms but is detected in the chromocenter. Helena, an element from D. virilis, is peculiar because it has been detected in the chromosome arms in only 2 populations out of 10 of D. melanogaster but is present at 10.32 sites on average in D. simulans. There is a discrepancy between our data for the 17.6 element and data from the literature, which show higher copy numbers (Dowsett and Young 1982; Kugimiya, Ikenaga, and Saigo 1983; Charlesworth, Jarne, and Assimacopoulos 1994) ; it may be that some 17.6 probes revealed 297 insertions, since these two elements are closely related (Kugimiya, Ikenaga, and Saigo 1983) . The overall ratio of numbers for the melanogaster/simulans comparison is 499.82/201.34 ϭ 2.48, a value not far from the crude estimate that D. melanogaster has about three times as many repetitive sequences as D. simulans (Dowsett and Young 1982) . No insertion sites were detected with the elements osvaldo, gandalf, telemac, and bilbo.
The Distribution of TE Insertion Site Numbers in Natural Populations
As seen in figure 1 , the TE insertion site numbers in D. melanogaster are globally normally distributed for many TEs, while they present more heterogeneous distributions in D. simulans because some populations have a large number of sites. For example, the elements HMS beagle, blood, flea, tirant, coral, prygun, jockey, and F have low site numbers in most D. simulans populations, excepting one or two populations in which they reach significantly larger insertion site numbers. We have tested whether some specific populations harbor more transposable elements than others by the nonparametric Friedman test. The statistic is nonsignificant for D. simulans but highly significant (P Ͻ 0.0001) for D. melanogaster populations. Populations with the lowest total copy numbers are from the African continent (Congo: 788, Senegal: 942, Réunion Island: 944), and total copy numbers increase in the other populations (Arabia: 966, Argentina: 1,009, Portugal: 1,028, U.S.A.: 1,067, China: 1,078, Bolivia: 1,081, France: 1,092).
Discussion
A D. melanogaster Bias or Specific Characteristics of the D. simulans Genome
The higher TE copy numbers observed in D. melanogaster could result from a ''melanogaster bias'' resulting from the fact that high copy number and activity were the factors that permitted the detection of many TEs in D. melanogaster. There is indeed no a priori reason for these TEs to show the same high values in D. simulans. However, the observations that (1) even TEs with low copy numbers in D. melanogaster have still lower copy numbers in D. simulans; (2) gypsy, ZAM, and bari-1 have similar insertion site numbers in both species; and (3) hobo has very high values, with a higher value in D. simulans than in D. melanogaster, makes it unlikely that the bias hypothesis is the only explanation for the difference between the two species. The overall low TE site numbers in D. simulans suggest some specific evolutionary features of the D. simulans genome that have the effect of restraining the number of LTR and non-LTR retrotransposons (Aquadro, Lado, and Noon 1988; Aquadro 1992; Kimura and Kidwell 1994; Vieira and Biémont 1996a) . However, this does not explain the systematic tendency to even lower site numbers in D. simulans for the TEs with low insertion site numbers in D. melanogaster. The observation that the 412 and roo/B104 elements have the highest average insertion site numbers in both species (28.45 and 13.88 for 412 and 67.60 and 38.46 for roo/B104 in D. melanogaster and D. simulans, respectively) suggests that specific characteristics of the TEs themselves must be involved, interacting with genomic properties that regulate TE copy number and that may differ between the two species. We cannot completely eliminate the hypothesis that some TEs in D. simulans are in the process of being lost. We would expect, under this hypothesis, to find many fixed sites for those TEs which present polymorphic insertion sites, which are not observed.
Geographical Heterogeneity and TE Invasion Hypothesis
The fact that in D. melanogaster the populations from Africa (the cradle of this species) harbor an overall smaller amount of TEs than do the populations from the other continents suggests that TE acquisition and accumulation are following the species colonization processes. There is no such significant association in D. simulans, but the existence of populations with very large insertion site numbers for a given TE in comparison with the mean species value, as reported here (see table 1 and fig. 1 ), suggests that some populations may overcome the regulatory constraints in this species. Moreover, in these D. simulans populations, TE copy numbers are similar to those observed in D. melanogaster. The geographical heterogeneity thus observed for these TEs in D. simulans suggests that they were mobilized in these specific populations and that the conditions constraining them were no longer in effect. This observation agrees with recent work on minisatellites that shows that D. simulans populations are perhaps much more variable than we thought (Irvin et al. 1998) . We propose that the worldwide colonization process of D. simulans (Hyytia et al. 1985; Singh, Choudhary, and David 1987; Singh 1989; Capy, Pla, and David 1993) allows this species to encounter new environmental conditions capable of awakening some TEs. This fascinating possibility is illustrated by the correlation reported between the 412 copy number and minimal temperature in natural populations of D. simulans (Vieira et al. 1998 ). This suggests that TE insertion site number is a characteristic of a population more than of the species as a whole.
Invasion of the entire species by TEs from these populations by step-by-step migration is thus a real possibility, as already inferred for the I, P, and hobo elements in D. melanogaster (Bucheton et al. 1984; Anxolabéhère, Kidwell, and Periquet 1988; Périquet et al. 1994 the world, long before D. simulans (Hyytia et al. 1985; Singh, Choudhary and David 1987; Singh 1989; Capy, Pla, and David 1993) . Such invasion is not likely to happen for retrovirus elements such as gypsy and ZAM, which seem to be strongly constrained in the genome. However, D. melanogaster itself could be under a dynamic process of invasion by some TEs, as observed for the I, P, and hobo elements, which have been mobilized during the last 70 years or so (Bucheton et al. 1984; Anxolabéhère, Kidwell, and Periquet 1988; Periquet et al. 1994) . Our results widen the debate to TEs not involved in dysgenesis and to D. simulans.
Time of TE mobilization, transposition and excision rates, and selection coefficients against TE insertions are specific characteristics that can vary between TEs and can interfere with the host genome, accounting for the differing insertion site numbers now observed in D. simulans populations. Effective population size may be involved in such a process, as it may determine the impact of transposition and selection on the equilibrium frequency spectrum of TE sites (Aquadro, Lado, and Noon 1988; Charlesworth and Langley 1991; Aquadro 1992; Brookfield and Badge 1997) . It is not clear, however, why effective size does not affect all TEs simultaneously, since we observe that TEs do not present high insertion site numbers in the same populations (data not shown). Although more knowledge on the ecology of Drosophila is necessary, the possibility of a genomic invasion by TEs during the worldwide spread of a species is a challenging hypothesis that warrants research.
